Although severe immune dysregulation is an established risk factor for non-Hodgkin lymphoma (NHL), it is unclear whether subclinical immune system function influences lymphomagenesis. To address this question, we conducted a nested case-control study within the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial to investigate whether circulating levels of cytokines and other immune markers are associated with future risk of NHL. Selected cytokines [interleukin (IL)-4, IL-6, IL-10, and TNF-a] and other immune markers [soluble TNF receptor 1 (sTNF-R1), sTNF-R2, C-reactive protein, and sCD27] were measured in prediagnostic serum specimens from 297 incident NHL cases and 297 individually matched controls. ORs and 95% confidence intervals (CI) relating quartiles of analyte concentration to NHL risk were calculated by using conditional logistic regression. Statistically significant associations with increased NHL risk were observed for elevated serum levels of sTNF-R1 (quartile 4 vs. quartile 1: OR ¼ 1.7, 95% CI: 1.1-2.8; P trend ¼ 0.02) and sCD27 (OR ¼ 5.3, 95% CI: 2.9-9.4; P trend < 0.0001). These associations remained in analyses of cases diagnosed longer than 6 years following blood collection (sTNF-R1: OR ¼ 2.1, 95% CI: 1.0-4.0, P trend ¼ 0.01; sCD27: OR ¼ 4.1, 95% CI: 1.9-8.5, P trend ¼ 0.0001). Elevated levels of IL-10, TNF-a and sTNF-R2 were also significantly associated with increased risk of NHL overall; however, these associations weakened with increasing time from blood collection to case diagnosis and were null for cases diagnosed longer than 6 years postcollection. Our findings for sTNF-R1 and sCD27, possible markers for inflammatory and B-cell stimulatory states, respectively, support a role for subclinical inflammation and chronic B-cell stimulation in lymphomagenesis. Cancer Res; 71(14); 4898-907. '2011 AACR.
Introduction
Epidemiologic studies of individuals with AIDS and organ transplantation recipients have established severe immune dysregulation as a risk factor for non-Hodgkin lymphoma (NHL; refs. [1] [2] [3] [4] . The effects of AIDS and drugs for combating transplant rejection include immune suppression, viral reactivation, and chronic antigenic stimulation, all of which cause increased B-cell division, which increases the potential for unrepaired genetic errors that can lead to lymphomagenesis (5) . It is unclear, however, whether subclinical variation in immune system function influences NHL risk in the general population. Insight into this question may come from the study of cytokines-secreted proteins that modulate various activities of B and T lymphocytes including proliferation, antibody production, chemotaxis, interaction with immunoglobulins, and the production of other cytokines. Cytokines of diverse functions operate in a complex, tightly regulated network controlling immune system function. Perturbations of this network may increase the potential for chronic B-cell division and, ultimately, lymphomagenesis.
Limited evidence from genetic and molecular epidemiologic studies support a role for cytokines in lymphomagenesis. Associations between genetic variants in cytokine genes (e.g., TNF, IL4, and IL10) and susceptibility to NHL have been observed (6) (7) (8) (9) (10) . More recently, findings from prospective studies of circulating levels of cytokines and other secreted immune markers and future NHL risk have been reported. Investigations within a cohort study of AIDS patients have identified associations with increased NHL risk for elevated levels of several immune markers, including interleukin (IL)-6, IL-10, and soluble CD27 (sCD27), a proposed marker of immune activation (11) (12) (13) . A case-control study (92 cases, 184 controls) within the New York University-Women's Health Study (NYU-WHS) cohort identified associations with decreased NHL risk for elevated serum levels of IL-5 and IL-13, and with increased risk for levels of sIL2R, TNF-a and soluble TNF receptor type 2 (sTNF-R2), a possible marker of TNF-a-driven inflammation (14) . Another study (86 NHL cases, 86 controls) nested within the EPIC-Italy cohort observed associations with reduced risk for higher levels of IL-2 and TNF-a, and an association with increased risk for intercellular adhesion molecule (15) . As well, a small study of prediagnostic plasma C-reactive protein (CRP) and multiple cancers nested within the EPIC-Greece cohort reported a statistically significant positive association with leukemia/ lymphoma (27 cases; ref. 16 ).
The sample sizes of these studies of cytokines and other immune markers were small, limiting their statistical power to detect associations of moderate magnitude and their ability to explore, through analyses stratifying on follow-up time, the possibility that associations are the result of reverse causation. The latter point is particularly relevant given that abnormal levels of immune markers can be caused by lymphomas, both directly (through production of cytokines by cancer cells) and indirectly (through changes in the immune system in response to the presence of disease; refs. 17, 18) .
In this article, we present findings from a comparatively large case-control study (297 cases, 297 controls) nested within the Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial designed to investigate whether serum levels of selected cytokines (IL-4, IL-6, IL-10, and TNF-a) and other immune markers (sTNF-R1, sTNF-R2, CRP, and sCD27) are associated with future risk of NHL. We previously reported from this study an association between prediagnostic circulating soluble CD30 levels and NHL that persisted for the longest period of follow-up, from 6 to 10 years (19).
Materials and Methods
Detailed descriptions of the PLCO Trial have been previously reported (20, 21) . In brief, between 1993 and 2001, approximately 155,000 subjects in 10 cities (Birmingham, AL; Denver, CO; Detroit, MI; Honolulu, HI; Marshfield, WI; Minneapolis, MN; Pittsburgh, PA; Salt Lake City, UT; St Louis, MO; and Washington, DC) aged 55 to 74 were recruited from the general population and randomized to the screening or nonscreening arm of the study. All screening arm subjects provided nonfasting baseline blood samples that were processed and frozen within 2 hours of collection and stored at À70 C. Individuals were followed up for all cancer diagnoses by annual mailed questionnaire, in addition to the trial disease outcomes by annual screening examinations during the first 6 years of follow-up. All cancer diagnoses were pathologically confirmed through medical record abstraction. The institutional review boards of the National Cancer Institute and the 10 study centers approved the trial, and all participants provided written informed consent.
After follow-up through January 31, 2006, 297 cases of NHL (ICD-O-2-M 9590-9595, 9670-9677, 9680-9688, 9690-9698, 9700-9717, 9823, and 9827) were identified from 54,829 eligible screening arm participants (eligibility criteria: signed informed consent, no history of cancer at enrollment, 2 or more unthawed serum vials available, did not develop cancer or exit the cohort within the first year of follow-up). Controls were individually matched to cases on a 1:1 ratio on the basis of age at baseline (5-year categories), sex, race, PLCO center, and date of baseline blood draw (3-month categories) from among subjects who had not been diagnosed with any type of malignancy except nonmelanoma skin cancer at the time of the case diagnosis date.
Multiplex assays for use on a Luminex multianalyte profiling (xMAP) system (Luminex Corp.) were used to measure several analytes. The xMAP system is a liquid array system that utilizes bead-bound analyte-specific reporter molecules to permit the simultaneous quantitative analysis of up to 100 different analytes in a single microtiter well. The specific multiplex array system used in these analyses was the BioRad Bio-Plex 200. Analytes measured by using the Bio-Plex 200 system included the following: IL-4, IL-6, IL-10, and TNF-a, measured in duplicate (34 subjects per batch) with a 4-plex high-sensitivity kit (Millipore); sTNF-R1 and sTNF-R2, measured in duplicate (36 subjects per batch) with a 2-plex kit (Invitrogen/BioSource); and CRP, measured singly (72 subjects per batch) with a single-plex kit (Invitrogen/BioSource). Serum sCD27 was measured in duplicate (36 subjects per batch) by ELISA (Bender Medsystems). Values below assay limits of detection (LOD) were imputed with the use of a parametric model-based estimation procedure (22) . By using measurements among controls for a target analyte, we used maximum likelihood methods to estimate parameters for the log-normal distribution. For each measurement lower than the LOD, we randomly sampled a value from the appropriate log-normal distribution as the imputed value. Samples from matched case-control sets were assayed consecutively within the same batch.
Masked replicate samples (n ¼ 72) were interspersed within and across assay batches to assess quality control. Intraclass correlation coefficients (intrabatch/interbatch) were 0.98/0.93 for IL-4, 0.97/0.94 for IL-6, 0.96/0.79 for IL-10, 0.96/0.85 for TNF-a, 0.95/0.93 for sTNF-R1, 0.94/0.87 for sTNF-R2, and 0.96/ 0.93 for sCD27. Coefficients of variation (intrabatch/interbatch) were 8.0%/26.4% for IL-4, 5.5%/27.5% for IL-6, 14.0%/ 38.3% for IL-10, 5.6%/31.0% for TNF-a, 3.5%/8.9% for sTNF-R1, 2.8%/11.8% for sTNF-R2, and 6.3%/19.8% for sCD27. For CRP, measurements from blinded quality control replicates suggested possible problems with one of the assay batches. We present results with this batch excluded [resulting sample size: 261 cases, 261 controls; coefficients of variation (intrabatch/ interbatch) 11.9%/40.3%; intraclass correlation coefficients 0.95/0.89], although our findings for the total data set of 297 cases and 297 controls were virtually identical (results not shown).
All statistical tests conducted in the analysis were 2-sided. The Wilcoxon signed rank test was used to test for significant differences in levels of each analyte among the matched pairs of cases and controls. For each analyte, OR and 95% confidence intervals (CI) relating concentration categories and NHL risk were then computed by using conditional logistic regression modeling. For analyses of all NHL, analyte concentrations were categorized by using control quartiles as cutpoints. An exception is IL-4, measurements of which were below the LOD for 40% of all samples. For this analyte, samples below the LOD formed one category, whereas samples above the LOD were categorized by using control tertiles. Tests for trend were conducted by modeling the intracategory medians as a continuous parameter.
We evaluated the impact of follow-up time from blood collection to case diagnosis on our findings by using 2 analytic methods. A "matched approach" involved fitting conditional logistic regression models by using data from cases and their matched controls within strata defined by time from blood collection to case diagnosis (1-2, 3-5, and 6-10 years). An "unmatched approach" involved fitting a polytomous regression model comparing case subcategories defined by followup time to diagnosis (1-2, 3-5, and 6-10 years from blood collection) with all controls, with model adjustment for baseline age, sex, race, PLCO center, and enrollment year. The 2 methods have complementary strengths; the matched approach minimizes the impact of measurement error from between-batch assay variability on our findings, whereas the unmatched approach provides more stable risk estimates through the use of all controls as a single referent group. We tested for differences in analyte associations with NHL across strata of follow-up time in conditional models using the likelihood ratio test.
Analyses within strata defined by sex and age group were done by using conditional logistic regression modeling, with tests of interaction done by using the likelihood ratio test. Polytomous regression models were also fit to compute associations between dichotomized analyte levels (cut-point: control median) and individual NHL histologic subtypes [chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL); diffuse large B-cell lymphoma (DLBCL); follicular lymphoma (FL); other or not otherwise specified histologies (Other/NOS)].
Results
Cases and controls had identical distributions of matching factors ( Table 1 ). The majority of participants were male (63%) and self-identified as white (94%), with a median age at enrollment of 65 years. The most common NHL histologic subtypes were CLL/SLL (n ¼ 117, 39% of cases), DLBCL (62, 21%), and FL (44, 15%). The median length of follow-up from blood collection to case diagnosis was 5.0 years (range, 1.0-10.8 years). In analyses among controls of immune marker levels, including sCD30 (19) , several markers were correlated with one another (Supplementary Table S1 ), most notably IL-4 and IL-6 [Spearman rank correlation (r) ¼ 0.80], sTNF-R1 and sCD30 (r ¼ 0.39), sTNF-R1 and sTNF-R2 (r ¼ 0.35), sTNF-R2 and TNF-a (r ¼ 0.34), and sCD27 and sCD30 (r ¼ 0.32). Levels of sTNF-R1, unlike sTNF-R2, were only weakly correlated with TNF-a (r ¼ 0.15).
The distributions of analytes among cases and controls are summarized in Table 2 . Cases had statistically significant elevated levels of IL-10, TNF-a, sTNF-R1, sTNF-R2, and sCD27 compared with their matched controls, with P values ranging from 0.003 to less than 0.0001. Serum levels of IL-4, IL-6, and CRP did not differ between cases and controls (P ! 0.27). Similarly, in analyses of analyte categories (Table 3) , statistically significant associations with increased NHL risk were observed for the highest categories of IL-10 (fourth quartile vs. first: OR ¼ 2.1, 95% CI: 1.3-3.4, P trend ¼ 0.0001), TNF-a (OR ¼ 2.2, 95% CI: 1.3-3.9, P trend ¼ 0.005), sTNF-R1 (OR ¼ 1.7, 95% CI: 1.1-2.8, P trend ¼ 0.02) and, in particular, sCD27 (OR ¼ 5.3, 95% CI: 2.9-9.4, P trend < 0.0001). Categories of sTNF-R2 concentration were not associated with NHL at a level of statistical significance (OR ¼ 1.4, 95% CI: 0.9-2.2, P trend ¼ 0.10).
However, several of these associations were found to be affected by the length of time from blood collection to case diagnosis (Table 4 ). In both unmatched and matched analyses, prediagnostic levels of IL-10, TNF-a, and sTNF-R2 were most strongly associated with cases diagnosed 1 or 2 years following blood collection. Associations with cases diagnosed 3 to 5 years after collection were weaker for IL-10 and TNF-a, and null for sTNF-R2. All 3 markers were not associated with NHL cases diagnosed 6 years or longer from collection. A test of heterogeneity in analyte associations across strata of follow-up time was statistically significant for sTNF-R2 (P ¼ 0.005) but not for TNF-a (P ¼ 0.22) or IL-10 (P ¼ 0.22). The association with NHL for sTNF-R1 was strongest for cases diagnosed 6 years or longer since blood collection (P trend ¼ 0.07 and 0.01 for matched and unmatched analyses, respectively). Serum levels of sCD27 were significantly associated with NHL at each time period. When we fit a polytomous model adjusting simultaneously for sCD27 and sTNF-R1, the association with sCD27 among cases diagnosed longer than 6 years postcollection remained statistically significant (P trend ¼ 0.0004), whereas the sTNF-R1 association became of borderline significance (P trend ¼ 0.07). When all other immune markers, including sCD30, were additionally adjusted for in the model, the findings did not materially change (sCD27, P trend ¼ 0.002; sTNF-R1, P trend ¼ 0.08). No evidence of statistical interaction with sex, age at baseline, or other immune markers was observed. We explored further the associations with sTNF-R1 and sCD27 through analyses of common NHL subtypes ( Table 5 ). The strongest subtype-specific association with elevated sTNF-R1 was observed for CLL/SLL, although associations with cases diagnosed 6 years or longer from blood collection were weaker and not statistically significant. Conversely, associations with DLBCL, FL, and other/unclassified NHL cases were strongest for cases diagnosed 6 to 10 years postcollection. For sCD27, associations with CLL/SLL and FL were strongest for cases diagnosed 1 to 2 years from blood collection, and FL was not associated with elevated sCD27 for cases diagnosed 6 to 10 years later. DLBCL was significantly associated with elevated sCD27 only for cases diagnosed 6 to 10 years postcollection. Analyses of the other immune markers did not suggest clear associations with specific NHL subtypes, although elevated levels of IL-10, TNF-a, and sTNF-R2 were significantly associated with increased risk of CLL/SLL cases diagnosed 1 to 2 years following blood collection (Supplementary Table S2 ).
Discussion
In this investigation of serum levels of immune markers and subsequent risk of NHL, elevated prediagnostic levels of sTNF-R1 and sCD27 were significantly associated with increased risk, both overall and for cases diagnosed 6 years or longer from the date of blood collection. Elevated levels of IL-10, TNF-a, and sTNF-R2 were also significantly associated with NHL overall; however, these associations weakened with increasing time from blood collection to case diagnosis and were null for cases diagnosed 6 years or longer postcollection. We did not observe associations with risk for levels of IL-4, IL-6, or CRP.
sTNF-R1 and sTNF-R2 are the respective soluble fragments of TNF receptors I and II, the cell surface receptors through which TNF-a effects are mediated (23) . These soluble receptors, shed from the cell surface in response to TNF-a (24) and other inflammatory stimuli (25) (26) (27) , can bind with TNF-a and may play a regulatory role by limiting its circulating levels in the blood (28) . sTNF-R1 and sTNF-R2 have been measured in several studies as possible markers of TNF-mediated inflammation, given the stability of their levels over time (29) and the high sensitivities of assays for these markers (28) . In our study, elevated levels of both sTNF-R1 and sTNF-R2 were associated with future NHL risk. However, whereas the association with sTNF-R1 was consistently observed with increasing follow-up time, the association with sTNF-R2 was present only for cases diagnosed within 2 years of blood collection-CLL/SLL cases in particular. Given previous evidence that CLL cells release sTNF-R2 (30), our findings for sTNF-R2 may reflect reverse causation. As a possible marker for inflammation, our association with sTNF-R1 supports the hypothesis that proinflammatory effects may increase risk of NHL (31) . The exact mechanism responsible for elevated sTNF-R1, however, is unclear. We note that among our controls, TNF-a was more strongly correlated with sTNF-R2 than sTNF-R1; this is consistent with evidence suggesting that sTNF-R2 secretion is triggered by TNF-a, whereas sTNF-R1 may be regulated through different inflammatory triggers (32) (33) (34) ). An association with sTNF-R2, but not sTNF-R1, was observed in a smaller study conducted within the NYU-WHS cohort (14) and was found to remain after excluding from the analysis cases diagnosed before 2 years from the blood collection date, although the impact of excluding cases with specimens collected longer than 2 years from diagnosis was not explored. Additional evidence from prospective studies is needed to clarify the relationship with NHL risk for these soluble markers.
As with sTNF-R1, levels of sCD27 were associated with future NHL risk, both overall and for cases diagnosed 6 to 10 years from blood collection. CD27 is a member of the TNF receptor superfamily and is expressed exclusively on peripheral blood T cells and a subset of B cells (35) . CD27 seems to be involved in activation of both T cells and B cells; the receptor, upon activation by its ligand CD70, stimulates T-cell proliferation (36) (37) (38) and enhances immunoglobulin production in B cells (39, 40) . The extracellular portion of CD27 is proteolytically cleaved from CD27-positive cells to produce a soluble form of the receptor (sCD27) detectable in serum. Elevated levels of sCD27 have been observed with many infectious and autoimmune diseases and has been proposed as a marker of immune activation (35) , similar to sCD30 (19) . The B-cell stimulatory role of CD27 and the suspected importance of chronic B-cell activation in lymphomagenesis led Widney and colleagues to investigate the association between sCD27 and subsequent risk of AIDS-NHL in a small study (36 cases, 133 controls) nested within a cohort of HIV þ patients (13) . The investigators found elevated sCD27 measured up to 18 months prior to diagnosis to be significantly associated with an increased risk of AIDS-NHL. Our study has now replicated that finding within a 1.4 (0.7-2.9) Computed by using polytomous regression modeling, comparing case subcategories defined by follow-up time to diagnosis (1-2, 3-5, and 6-10 years from blood collection) to all controls, with model adjustment for baseline age, sex, race, PLCO center, and enrollment year.
general population cohort with follow-up of up to 10 years postcollection. The associations with sCD27 for CLL/SLL and FL weakened with increased time from blood collection to case diagnosis. It is notable that these malignancies are commonly indolent in nature and can remain undetected for a long time. Elevated serum sCD27 has been previously reported in patients with lymphoid malignancies and associated with tumor load, and CD27 is commonly expressed in lymphoma tissue, supporting the idea that the elevated sCD27 levels among some lymphoma patients may be tumor induced (41) . However, we found that the association between sCD27 and DLBCL, an aggressive lymphoma type, was associated with elevated sCD27 only among cases diagnosed 6 to 10 years from blood collection, consistent with an etiologic effect.
Further research is needed to clarify the basis of the association between prediagnostic sCD27 and future risk of NHL. Serum levels of TNF-a and IL-10 were associated with future NHL risk in our study. However, these associations weakened with longer follow-up time and were not statistically significant for cases diagnosed 6 to 10 years after blood collection. Tests of interaction across strata of follow-up time for these analytes were not statistically significant, although our study lacks power to detect such differences. In 2 smaller prospective studies of circulating immune markers and NHL risk in general population cohorts, inconsistent findings were reported for TNF-a; an association with increased NHL risk was observed in the NYU-WHS study (14) and with decreased risk in the EPIC-Italy investigation (15) . In both studies, prediagnostic IL-10 levels were not associated with NHL risk. Our finding of statistically significant associations with levels of these cytokines only for cases diagnosed within 5 years of blood collection is suggestive of tumor-induced effects, although these results are also compatible with etiologic effects in the late stages of NHL development. Studies of TNF and IL10 knockout mice (42) (43) (44) and of genetic polymorphisms in humans (6-10) strongly implicate both cytokines in B-cell lymphomagenesis. TNF-a is thought to influence lymphoma development through upregulation of proinflammatory and antiapoptotic signals, possibly via the nuclear transcription factor (NF)-kB pathway (6), whereas IL-10 may influence NHL risk through its B-cell stimulatory effects (12) . Voorzanger and colleagues reported that elevated IL-10 levels observed among NHL patients seemed to be caused by increased expression from lymphoma cells and stimulated lymphoma proliferation, suggesting that IL-10 is an autocrine lymphoma growth factor (45) . In contrast, elevated levels of TNF-a among NHL patients seem to be produced by normal immune cells (45) , although it is possible that lymphomas may play an indirect role in stimulating such production from local cells. An important strength of our study is its sample size; the case series (n ¼ 297) has more than 3 times the number of cases included in the 3 previously published prospective studies of circulating immune markers and NHL risk in community-based cohorts. This comparatively large sample size provided us with good study power to detect associations of moderate magnitude and to explore associations with individual NHL subtypes. Moreover, it enabled us to more aggressively investigate the effects of time from blood collection to case diagnosis on our findings beyond just the exclusion of cases diagnosed within 1 or 2 years from diagnosis, as was done in previous studies. As a result, we were able to discover that the apparent associations with IL-10, TNF-a, and sTNF-R2 were not observed for cases diagnosed beyond 5 years of follow-up, suggestive of reverse causation. Another strength of this study is the standardized blood collection and processing protocol employed in the PLCO Trial, which specified that blood specimens be centrifuged, processed, and frozen within 2 hours of blood collection, thus minimizing blood collection and processing procedures as sources of variation in serum analyte levels. This is particularly important for the measurement of immune markers, given concerns about the potential of ex vivo expression from leukocytes and enzymatic digestion of cytokines with prolonged time to processing (46, 47) . By comparison, serum collected in the NYU-WHS cohort was frozen within approximately 3 hours after collection (48) , and the median time from blood collection to storage of samples used in the EPIC-Italy cohort investigation was 4 hours (15).
This study also has limitations. The median follow-up time from blood collection to case diagnosis (5 years) in our study was relatively short for an investigation of NHL etiology, although our analyses restricted to cases diagnosed 6 to 10 years postcollection were less likely to be affected by reverse causation. As with other recent investigations that have used Luminex-based multiplex assays (14, 15, 49) , we observed high between-batch assay variability for some of our analytes. However, our intraclass correlation coefficients were high, indicating that the components of analyte variability because of within-and between-batch effects are relatively small compared with the variability between individuals. Measurement error from between-batch variability may have introduced bias, likely toward the null, in our unmatched analyses. Our matched analyses, however, would not have been affected by such bias, given that members of each case-control matched pair were assayed in the same batch.
In conclusion, in this prospective study, we observed associations between elevated serum levels of sTNF-R1 and sCD27, possible markers for inflammatory and B-cell stimulatory states, respectively, and increased future risk of NHL. These findings support a role for subclinical inflammation and chronic B-cell stimulation in lymphomagenesis, although more research is needed to better understand the biologic basis underlying these relationships.
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